High economic burden is associated with foodborne illnesses. Different disinfection 20 methods are therefore employed in food processing industry; such as use of ultraviolet 21 light or usage of surfaces with copper-containing alloys. However, all the disinfection 22 methods currently in use have some shortcomings. Here we show that copper doped TiO2 23 nanotubes deposited on existing surfaces and illuminated with ceiling mounted fluorescent 24 lights or additional low power light emitting diodes can be employed for an economical and 25 permanent disinfection of surfaces. 26 We deposited the nanotubes on various surfaces: polyethylene terephatlate, polystyrene, 27 and aluminum oxide, where they could withstand repeated washings with neutral, alkaline 28 or acidic medium. Here we show that the polymer surfaces coated with the nanotubes and 29 innoculated with 10 7 bacteria, illuminated with ceiling mounted fluorescent lights retard the 30 growth of Listeria Innocua by up to 99% in seven hours of exposure to the fluorescent 31 lights, compared to a control surface. The disinfection properties of the surfaces depend 32 mainly on the temperature difference of the surface and the dew point, where for maximum 33 effectiveness of the photocatalytic effect the difference should be at least 2.5 degrees 34 celsius.
Introduction

Materials and Methods
133
Materials 134 The spin trap, 5-(Diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide (DEPMPO) (Alexis, 135 Lausen) was used as purchased without further purification and stored at -80 °C. The spin-136 trap stock solutions were always freshly prepared. Ethanol (EtOH) and methanol (MeOH) 137 from Merck AG (Darmstadt, Germany) were used in Lichrosolv gradient grade quality. 138 Media and culture materials were obtained from Gibco -Invitrogen Corporation (Carlsbad, 139 California). to support microorganisms (Microbank, pro-lab Diagnostics) and kept at -70 °C. The 147 inoculum was prepared in liquid medium and incubated aerobically for 24 h at 37 °C. After 148 incubation the culture contain approximately 10 9 colony forming units (CFU) per milliliter. 149 Working suspensions with appropriate concentrations were achieved by several 10-fold 150 dilutions. 151 Preparation and properties of Cu 2+ -doped TiO2 nanotubes 152 Cu 2+ -doped TiO2 nanotubes (Cu-TiO2NTs) were prepared in several steps: (i) first sodium 153 titanate nanotubes (NaTiNTs) were synthesized from anatase powder (325 mesh,  99.9%, 154 Aldrich) and 10 M NaOH (aq) (Aldrich) at T = 135 °C for 3 days under hydrothermal 155 conditions. Exact synthesis procedure is described previously 22 , (ii) in the next step 156 NaTiNTs were rinsed with 0.1 M HCl(aq) yielding protonated titanate nanotubes (HTiNTs), 157 (iii) then 400 mg HTiNTs were dispersed in 100 mL of 0.5 mM solution of Cu 2+ (aq) (source 158 of the Cu 2+ was CuSO4·5H2O (Riedel de Haen)) using an ultrasonic bath (30 minutes) and 159 stirred at room temperature for 3 hours. By centrifugation the solid material was separated 160 from the solution, and (iv) finally isolated material was heated in air at 375 °C for 10 hours.
162
The powder X-ray diffraction (XRD) pattern was obtained on a Bruker AXS D4 Endeavor 163 diffractometer using Cu K radiation (1.5406 Å; in the 2 range from 10 to 65°). 164 Morphology of the particles in the sample was determined using transmission electron 165 microscope (TEM, Jeol 2100). The specimen for the TEM investigation was prepared by 166 dispersing the sample in MeOH with the help of an ultrasonic bath and depositing a droplet 167 of the dispersion on a lacey carbon-coated copper grid.
168
Activity of TiO2 nanotubes 169
The photocatalytic activity of synthesized titanate and TiO2 nanomaterials was determined 170 using electron paramagnetic resonance spectroscopy (EPR) with spin trapping, which was 171 optimized for measurement of primary radicals generated in the vicinity of the 172 nanomaterial surface. This was achieved by measuring primary hidroxyl radicals in the 173 presence of 30% ethanol with 5-(diethoxyphosphoryl)-5-methyl-1-pyrroline-N-oxide spin 174 trap (DEPMPO). EPR spin trapping was applied to measure the generation of reactive 175 oxygen species (ROS) production.
Deposition of Cu-TiO2NTs on PET surface and testing of the deposition stability 177 The deposition of Cu-TiO2NTs was made on different surfaces: 2.5 cm  7.5 cm 178 polyethylene terephthalate (PET) slides, polystyrene petri dishes (8 cm diameter), 179 aluminum oxide slides with the same dimensions as PET slides. The surfaces were 180 washed before deposition. They were soaked in 20% NaOH solution, rinsed with distilled 181 water, and finally with ethanol vapor.
182
The suspension of the nanotubes with concentration of 1 mg/mL was processed with 183 ultrasonic liquid processor (Sonicator 4000, Misonix) prior to the deposition on the 184 surfaces. Sonication was performed using 419 Microtip TM probe, 15 min process time, 10 s 185 pulse-ON time, 10 s pulse-OFF time and maximum amplitude (resulting in 52 W of power).
186
The surfaces were treated with compressed air 3 times for 3 s. 150 µL of nanoparticle 187 suspension was applied on each surface, immediately after compressed air treatment, and 188 smeared evenly. The same number of surfaces with nanoparticle deposition and control 189 surfaces were prepared for each experiment. On control surfaces, only 150 µL of solution 190 was applied. After the deposition, the surfaces were left in the oven at 50 °C for 2 h. Then 191 they were rinsed with distilled water and put back in the oven at 50 °C for another 2 h.
192
The photocatalytic activity of the nanodeposit on the surfaces was tested using EPR 193 spectroscopy. Three measurements were performed on the surfaces, with or without the The amount of deposited material was estimated from EPR signal decrease when rinsing 206 the deposit of 150 L of 1 mg/mL applied to a 2.5  7.5=18.8 cm 2 surface. With EPR signal 207 being decreased to about 1/3, we estimated that the amount of deposited nanomaterial 208 was about 2 g/cm 2 .
209
Antimicrobial Activity of nanotube coated PET surface in a meat processing plant 210 Four measurement points were selected in a poultry slaughterhouse with regards to 211 different air microclimate conditions (humidity, temperature, airflow) as well as intensity of 212 UV irradiation. PET slides were innoculated with 10 7 bacteria in 10 µL droplet and placed 213 either vertically or horizontally at different altitudes (0.5 or 2 m) and exposed for 7 hours.
214
After exposure, the samples were washed in saline (NaCl 0.9%) and examined 215 bacteriologically to determine the number of bacteria. Survival of bacterial culture of 216 Listeria innocua has been measured for samples with and without germicidal Cu-TiO2NTs We have previously shown that the Cu-TiO2NTs deposited on polystyrene petri dishes 253 reduce up to 99.94% ± 0.05 (3.5±0.05 log10 reduction, initial number of bacteria 2.510 4 ) 254 Listeria innocua in 24 hours in a refrigerator at 100% humidity, illuminated with UVA light 255 emitting diodes 21 . However, Usage of additional illumination results in additional costs 256 associated with application of such disinfection methods. On the other hand, ceiling 257 mounted fluorescent lights, which are already in use in many food processing plants, 258 contain a small portion of emitted light in UVA range. Antimicrobial activity in presence of repeated daily contamination and washing 408 Next we repeatedly inoculated and washed PET surfaces with Listeria innocua daily, in 409 order to mimic daily contamination in food processing industry or surfaces in a household, 410 as shown schematically in Figure 4 A. After application, we left the bacteria on the surface 411 for 7 hours while being exposed to low intensity light from fluorescent lamps on the ceiling 412 (t=7 h, j=2.5 W/m 2 , A= 8 J (total light), A<380nm= 80 mJ). As it can be seen from the 413 measured light intensity spectrum of the fluorescent lamp (Figure 4 B) , the intensity of light 414 with wavelengths below 380 nm (80 mJ) is only 1 percent of the total light intensity, the 415 corresponding energy of the illumination of the nanotubes, which can induce the 416 photocatalytic process of hydroxyl radical production, is therefore around 80 mJ in our 417 experimental setup. 
